ABSTRACT: Due to the geographical location of Oman in an arid zone, agricultural production depends fully on irrigation. The traditional irrigation systems (Aflaj, The traditional irrigation systems (Aflaj, The traditional irrigation systems ( sing. falaj) supply more than one third of water for agriculture. Falaj is defined in the Falaj is defined in the Falaj context of this paper as a canal system which provides water for domestic and agricultural uses. Oman has 3,107 active Aflaj producing about 680 Mm 3 of water per year. The main objective of this study was to estimate the irrigation performance of Aflaj in Oman. Falaj al-Dariz and al-Nujaid were chosen as case studies. Both Falaj al-Dariz and al-Nujaid were chosen as case studies. Both Falaj Aflaj are located in an extremely arid environment, Aflaj are located in an extremely arid environment, Aflaj where the rainfall is low and evapotranspiration is high. The study utilized an approach to estimate the irrigation performance of Aflaj of Aflaj of by considering the Aflaj by considering the Aflaj falaj as a single unit of irrigation. The irrigation demand/supply ratio (D/S) was used in the analysis falaj as a single unit of irrigation. The irrigation demand/supply ratio (D/S) was used in the analysis falaj as a tool of evaluation. Date palm, the dominant crop irrigated by Aflaj, was selected for the analysis. In falaj al-Dariz the date falaj al-Dariz the date falaj palms were slightly under irrigated on a yearly basis. On a monthly basis, in winter, the D/S was below 0.6 and in summer it was above 1.0. On the other hand, falaj al-Nujaid was supplying too much water than the date palms needed all round the year. falaj al-Nujaid was supplying too much water than the date palms needed all round the year. falaj In winter the D/S ratio was as low as 0.25. Even in summer, the D/S ratio did not much exceed 1.0.
Introduction
Agriculture in Oman is fully dependent on irrigation because most crop production areas receive only 100 to 200 mm of rainfall annually. Oman has 4,112 falaj, of which 3,017 are live Aflaj(‫)اﻓﻼج‬ , supplying about 680 Mm 3 /year of water, of which 410 Mm 3 are utilized by Aflaj users for domestic and agriculture. These Aflaj users for domestic and agriculture. These Aflaj Aflaj irrigate some 26,500 hectares (The Ministry Aflaj irrigate some 26,500 hectares (The Ministry Aflaj Al-Ghafri, 2005) . The local nomenclature of the falaj implies the system as a whole, including the falaj implies the system as a whole, including the falaj collection and distribution areas. Aflaj in Oman can be classified into three types, depending on their source of water: Ghaili ‫,)ﻏﯿﻠﻲ(‬ Daudi ‫)داؤودي(‬ , and Aini ‫.)ﻋﯿﻨﻲ(‬ However, the methods of administration and management are very similar. Only the Daudi type is similar to the Qanat irrigation system of Iran (AlQanat irrigation system of Iran (AlQanat Ghafri et al., 2000) .
The traditional way of irrigation scheduling varies from one falaj to another. Several methods are adapted falaj to another. Several methods are adapted falaj for distributing water among farmers. The most common method is to divide the irrigation rotation (dawran‫دوران‬ ) over 4 to 20 days, depending on the falaj flow and the type of soil; each full day is divided to 48 athars, or 30 minutes, each athar is then divided athar is then divided athar to smaller divisions. Traditionally, farmers have used sundials in the daytime, and stars at night for timing their water shares in the field (Al-Ghafri et al., 2003) .
Previous studies have considered water management on the farm scale within the falaj system falaj system falaj (Norman et al., 1998a (Norman et al., , 1998b (Norman et al., , 2001 ). However, this study aims to analyze the overall irrigation performance of the falaj system, by considering the falaj system, by considering the falaj whole falaj as a single farming system unit, hence all falaj as a single farming system unit, hence all falaj the lands of the falaj are assumed to be irrigated during a falaj are assumed to be irrigated during a falaj fixed period (dawran). This paper illustrates a method for an estimation of falaj for an estimation of falaj for an estimation of irrigation performance using falaj irrigation performance using falaj irrigation demand over supply ratio (D/S).
Site Description for the Study Area
The villages of al-Dariz ‫اﻟﺪرﯾﺰ‬ (N23˚ 19΄ -E56˚ 47΄) and al-Nujaid ‫اﻟﻨﺠﯿﺪ‬ (N23˚ 28΄ -E56˚ 47΄) are located in the Ibri ‫ﻋﺒﺮي(‬ ‫)وﻻﯾﺔ‬ district in the Dhahirah ‫)اﻟﻈﺎھﺮة(‬ region in northern Oman. Ibri has 363 falaj, which is the second largest number of Aflaj among the 60 Aflaj among the 60 Aflaj wilayats (districts) of Oman. These villages are located close to one of the world's driest deserts, Ar Rub' al Khali ‫اﻟﺮﺑﻊ(‬ ‫)اﻟﺨﺎﻟﻲ‬ known also as the "Empty Quarter". They have a negligible amount of rainfall.
There is no rain gauge installed in al-Dariz. However, there are rain gauges in two places in the same district at Ibri and Tanam ‫.)ﺗﻨﻌﻢ(‬ From these two places, rainfall data have been collected by MRMEWR for 25 years (1975 -1999 
Materials and Methods

Irrigation Water Demand/Supply (D/S) ratio
The ratio of crop water demand to irrigation supply (Demand over Supply ratio, D/S) was used for this study as suggested by Norman et al. (1998 a, b and 2001) . A D/S ratio greater than 1.0 indicates that farmers are applying less water than plant require. A D/S ratio smaller than 1.0 indicates that farmers are over-irrigating. A minimum ratio of 0.6 is accepted for surface irrigation (Norman et al., 1998a) .
The average daily water requirements (demand) for each month in the year were obtained from published official literature by the Ministry of Agriculture and Fisheries Wealth (Al-Nadi, 2003) . A calibrated water level was used to determine the flow rate. The area was obtained from maps published by MRMEWR (2001) . The quantity of water supplied per area (S) was calculated from the flow rate, time of application and area.
Data collection
Data were collected by direct fieldwork, interviews and a review of the literature. Rain data and field observations (such as sudden rise of water flow, unusual behavior of irrigators, etc.) were recorded during the course of this study. Contact with the falaj community and with members of the falaj community and with members of the falaj falaj administration was maintained throughout the study. Soil textural analyses and field capacity measurements were done in the laboratories of Sultan Qaboos University, Oman.
Crop water requirements for date palm
The data for the water requirements (ETc) for the date palm was retrieved from Al-Nadi ( 
Flow rate
The flow rate was measured as close as possible to the demand area, to avoid errors created by water losses in the conveyance system. It was observed four times during the 11 months of water level reading, using a solid-state current meter (model: VALPORT.LTD VEM003). The average of three readings was taken at three different locations. The falaj width and depth of falaj width and depth of falaj the water were also measured and recorded in every observation.
Soil sampling
Soil samples were taken from three farms, in the head, center and tail end of each falaj cropping area. In each farm, samples were taken from three locations at depths of 15, 30 and 45 cm. Samples were analyzed for soil texture using a hydrometer and bulk density using core sampling method. The samples for determining the field capacity were collected from the field after 24 hours of full irrigation, and then the water content was obtained using the gravimetric method.
Results and Discussion
Area
According to MRMEWR (2001) , the cropped area of falaj al-Dariz is 255.4 ha and 21.3 ha for falaj al-Dariz is 255.4 ha and 21.3 ha for falaj falaj alfalaj alfalaj Nujaid. The area was estimated using GIS system after GPS land survey.
Rainfall
The effective rainfall during the study period was 44.1 mm. Falaj al-Nujaid is located about 25 km up stream Falaj al-Nujaid is located about 25 km up stream Falaj of al-Dariz, therefore the same rainfall data was used for al-Nujaid case study. (R 2 = 0.85) Figure 2 shows the hydrograph of falaj Figure 2 shows the hydrograph of falaj Figure 2 shows the hydrograph of al-Nujaid, falaj al-Nujaid, falaj with two adonolies. The hydrograph shows two adonolies in the flow rate. The first was observed in September 2002 and the second in April 2003. During this period, the upstream catchments of the wadi that feed the falaj experienced heavy rainfall. The tunnel falaj experienced heavy rainfall. The tunnel falaj of falaj al-Nujaid passes through a wadi bed, but it is not totally sealed. There are places where surface water can percolate into the tunnel. So, the high flows in September and April are not from groundwater but a temporary intrusion of surface flow. Local people said that it takes 6 months for the falaj flow falaj flow falaj rate to increase to high flow after heavy rain, then it remains with a steady flow for 4 to 5 years, even without any other heavy rain. However, the recent data are insufficient to verify this fact. Collection of hydrological data is needed for a longer period. In both flow rate calculations (of September and April), it should be noted that the high flow rate was obtained by extrapolating the regression curve. Thus, these values may include a large error. However, these high flows occur in short periods in few times, the overall error is insignificant.
Flow rate calibration
Soil analysis
The soil texture of al-Dariz is dominated by clay loam with a bulk density of 1.43g cm -3 and field capacity of 22 % by volume. From Figure 3 , it can be seen that the patterns of demand and supply are not matched. While the water demand is higher in summer and lower in winter, the supplied water follows the hydrograph of the falaj. It is clear from the figure that the water supply of falaj alDariz was decreasing at the period of measurement.
From Figure 4 , it is clear that the D/S was changing every month. From April to November, the falaj did not supply enough water to meet the crop water requirement, while in December, January and February, the falaj supplied more water than falaj supplied more water than falaj demanded. Only in March, was the D/S (0.90) is within the accepted range (0.6 -1.0). This means that the plants were stressed in summer and over-irrigated in winter. The highest D/S was in June (1.52) and the lowest was in December (0.49). For calculations, this period is T p and a complete one-year period T y complete one-year period T y complete one-year period T . The total time during the period of observation T p was 8,054 hours. Assuming that the flow rate of the 12th month will be same as the average of previous 11 months, the total volume of water delivered to the field at T p was 1.315 Mm 3 . The 
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Conclusion
In falaj al-Dariz the date palms were slightly under falaj al-Dariz the date palms were slightly under falaj irrigated on a yearly basis. On a monthly basis, the performance of the falaj irrigation system was falaj irrigation system was falaj different. In winter, the D/S was below 0.6 and in summer it was above 1.0. This means that falaj alDariz wasted water in winter but the plants were stressed in summer. On the other hand, falaj al-Nujaid falaj al-Nujaid falaj was supplying more water than the date palms needed all year round. In winter the D/S ratio was as low as 0.25. Even in summer, the D/S ratio did not much exceed 1.0. Probably, the reason for the low D/S in this falaj is because it has a lighter soil that needs more water to be applied. In this falaj, farmers are irrigating more frequently than in falaj al-Dariz.
The data obtained from this study was adequate to meet the objective of roughly estimating the irrigation performance of aflaj. performance of aflaj. performance of However, further research is needed to precisely evaluate the hydrological and agricultural systems of aflaj. This requires measuring more parameters for longer periods. For falaj hydrological studies, rainfall, flow rate and wadi flood records are necessary. For detailed irrigation performance evaluation, on-field weather data should be obtained with real-time soil moisture content in the soil, within and below the root zone. For measuring areas of land use, high-resolution satellite images can be used, capturing each cropping season every year. A complete understanding of the falaj water management falaj water management falaj may not be attained unless further measurements on water and soil quality are made, as well as, economical evaluation of the input and output of the falaj system falaj system falaj related to irrigation.
